Introduction
============

Cardiovascular disease is the leading cause of death and disability worldwide.[@ref1] [@ref2] A large body of epidemiological and clinical research has shown the adverse effects of short term exposure to ambient air pollution on cardiovascular health.[@ref3] [@ref4] Among air pollutants, ambient fine particulate matter with an aerodynamic diameter up to 2.5 microns (PM~2.5~) has been widely regarded as an important toxic component of air pollution mixtures.[@ref5] Exposure to PM~2.5~ is considered to have been responsible for about 4.2 million deaths worldwide in 2015, 1.5 million of which were from ischaemic heart disease and 0.9 million from cerebrovascular disease.[@ref6] However, most evidence of the association was assessed between short term exposure to PM~2.5~ and cardiovascular mortality. To measure the broader impact of air pollution to the general population, hospital admission data (including those involving less severe disease) are widely used as a proxy, are expected to be more sensitive, and can better evaluate the temporal sequence between exposure to air pollution and clinical presentation of disease.[@ref7] [@ref8]

In addition, the associations between PM~2.5~ and morbidity of cause specific cardiovascular diseases (ischaemic heart disease, heart failure, heart rhythm disturbances, ischaemic stroke, haemorrhagic stroke, and overall cardiovascular disease) have been limited, particularly in developing countries that have different air pollution levels and chemical profiles of pollution from those in developed countries.[@ref9] A recent meta-analysis identified only nine studies on the association between PM~2.5~ and morbidity in low and middle income countries, and the findings were less consistent than those for mortality.[@ref10] The effects of PM~2.5~ at high concentrations on cardiovascular morbidity, especially on cause specific cardiovascular diseases, remain uncertain.

China, the largest developing country, produced air pollution levels among the highest countries recorded worldwide.[@ref9] According to Global Burden of Disease 2013 estimates, the population weighted mean PM~2.5~ in China increased from 39.3 μg/m^3^ in 1990 to 54.3 μg/m^3^ in 2013.[@ref9] In recent years, with the government's efforts, a tangible improvement in air quality was noted in China. A recent study reported that the mean value of annual average PM~2.5~ concentrations in 74 key Chinese cities fell from 72.2 μg/m^3^ in 2013 to 47.0 μg/m^3^ in 2017.[@ref11] Ambient PM~2.5~ pollution remains serious, and still poses a continuing challenge for public health in China. Since 2013 when PM~2.5~ levels have been monitored in major cities, a few studies have assessed the associations between PM~2.5~ levels and cardiovascular disease.[@ref12] [@ref13] [@ref14] However, the findings from these studies were inconsistent, subjected to the small number of cities involved and different subtypes of cardiovascular disease selected to investigate. Considering the differences in PM~2.5~ levels and sociodemographic characteristics across cities of varying sizes, the generalisability of these findings is uncertain at the national level. Data on the association between PM~2.5~ and cardiovascular morbidity in the Chinese population are scarce, especially in multicity assessments.[@ref12] [@ref13]

In the present study, we conducted a national time series analysis to examine the short term association between PM~2.5~ pollution and hospital admissions for cause specific major cardiovascular diseases in China, and investigated potential, city specific, modifying factors.

Methods
=======

Study sites
-----------

A total of 184 cities in China were included in our analysis, based on the availability of both health and PM~2.5~ data. We excluded cities with records of less than one year because of the feasibility of model fit. Individuals' detailed information of the disease diagnosis was required to identify the cause specific cardiovascular admissions. We also excluded cities with no information on International Classification of Diseases (ICD) code or those whose text of disease diagnosis cannot be classified as categories of cardiovascular disease. Supplementary figure S1 shows the locations of the 184 cities, representing their geographical distribution across China.

Data collection
---------------

China has three main programmes for health insurance: the urban employee basic medical insurance (UEBMI) for urban employees or retired individuals, urban resident basic medical insurance for urban residents without formal employment, and the new rural cooperative medical scheme for rural residents. These three programmes covered more than 92% of the population by 2011.[@ref15] Private medical insurance has little coverage in China and is generally supplementary to the basic schemes. All employers in urban areas---including government agencies and institutions, state owned enterprises, private businesses, social organisations, and other private entities and their employees (retirees included)---are obligated to enrol in UEBMI. At the end of 2016, the UEBMI database included 0.28 billion beneficiaries. The size of this population allows us to examine the association between PM~2.5~ levels and cause specific cardiovascular diseases. The health data used in this study were extracted from the UEBMI database within the period of 2014 to 2017. Information regarding the number of people enrolled in the database, city residents, and coverage rates of these cities for the UEBMI database were published previously[@ref16] and also presented in supplementary table S1.

Generally, a claim for each billable medical service must be submitted to a centralised health information system in China. Hospital admissions for all cardiovascular diseases included ischaemic heart disease, heart failure, heart rhythm disturbances, and stroke (ischaemic stroke or haemorrhagic stroke).[@ref17] We identified hospital admissions for each outcome based on the primary diagnosis. For each admission, we extracted data on the date of admission, the primary diagnosis for admission (ICD-10 codes and text), sex, age, and location of the patient.

Air pollution and meteorological data
-------------------------------------

We collected data on PM~2.5~ levels in each city from the National Air Pollution Monitoring System. Each city has one to 17 monitoring stations. The number of stations for each city is presented in supplementary table S2. A series of standards and regulations have been issued regarding the location of automated monitors and the air quality monitoring process by the Chinese government (GB3095-2012),[@ref18] ensuring that the monitoring reflects general urban background levels of pollutants. We also collected monitoring data on sulphur dioxide (SO~2~), nitrogen dioxide (NO~2~), carbon monoxide (CO), and ozone (O~3~) from the same platform. These monitoring measurements have been widely used to estimate population air pollution exposures in China.[@ref19] [@ref20] In each city, the daily concentrations of PM~2.5~, SO~2~, NO~2~, and CO, and the maximum mean concentrations of ozone each day over an 8 hour period were averaged across monitoring stations.[@ref19] [@ref20] During the study period, 0.66%, 0.15%, 0.15%, 0.15%, and 0.60% of data were missing for PM~2.5~, SO~2~, NO~2~, CO, and O~3~, respectively. Days with missing data were excluded from this analysis.

Meteorological data (daily mean air temperature and relative humidity) in each city were obtained from the China Meteorological Data Sharing Service System. Each city had one to three monitors. As used in other studies,[@ref4] [@ref20] [@ref21] we calculated the daily mean temperature and relative humidity by averaging all valid monitoring measurements within each city. During the study period, the missing rate of temperature and relative humidity was only 0.25%.

Statistical analysis
--------------------

We applied a two stage analytical approach to estimate the regional and national average associations between PM~2.5~ levels and daily hospital admissions for cardiovascular disease.[@ref20] [@ref22] In the first stage, for each city, we fitted a quasi-Poisson regression in a generalised additive model allowing for overdispersed admission counts to obtain city specific estimates. Estimation in generalised additive model is based on a combination of the local scoring algorithm and the backfitting algorithm.[@ref23] As in other environmental health studies,[@ref19] [@ref20] [@ref24] the outcome in the first stage analysis is the city specific daily count of the health event. In the model, several confounding covariates were incorporated, including daily mean temperature, relative humidity, calendar time, public holiday, and day of the week, which were predefined according to previous published studies.[@ref17] [@ref19] [@ref20] A natural cubic spline function of calendar time with seven degrees of freedom per year was incorporated into the model to adjust for seasonality and time trends.[@ref19] Confounding effects of time invariant or slowly varying risk factors at the individual level (eg, sex, age, and comorbidities) could be naturally controlled in the model.[@ref17] [@ref19] [@ref20] [@ref25] We also controlled for the effects of meteorological factors by using natural cubic splines, with six degrees of freedom for the average temperature on the same and previous two days, and three degrees of freedom for the average relative humidity on the same and previous two days.[@ref19] Two indicator variables for public holiday and day of the week were also included in the model, as shown below:
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(Where E(Y~t~)=expected count of admissions on day t; β=log relative risk of hospital admission associated with a unit increase of PM~2.5~; ns()=natural cubic spline function; and df=degrees of freedom.)

Different lag patterns in the acute effects of PM~2.5~ were also explored. A lag of 0 days (that is, lag 0) corresponded to the association between PM~2.5~ and the risk of hospital admission on the same day. Lag 1 or lag 2 referred to the risk of disease associated with PM~2.5~ one or two days before the event, respectively. In addition, lag 01 or lag 02 (which noted the risk of disease associated with average PM~2.5~ concentrations on the same and previous one or two days of admission, respectively) were also conducted. In the second stage analysis, we used random effects meta-analyses to pool the city specific estimates at national and regional levels. We also plotted the national average exposure-response curve for the association between PM~2.5~ levels and hospital admission for cardiovascular disease following an approach used in previous studies.[@ref19] [@ref26] Briefly, we applied a cubic spline with two knots at the 25th and 75th percentiles of PM~2.5~ levels across all cities. We then fitted random effect models to combine the city specific components of spline estimates.

Stratified analyses by sex, age (18-64, 65-74, and ≥75), and geographical region were conducted. Considering the substantial differences in PM~2.5~ pollution, geographical, and climatic characteristics, we divided cities into southern and northern regions, separated by the Huai River-Qinling Mountains line.[@ref19] [@ref20] We implemented a two sample test for assessing statistically significant differences in the estimates (E) between subgroups (eg, female *v* male sex), based on the point estimate and standard error (SE): Z=(E~male~-E~female~)/√(SE(E~male~)^2^+SE(E~female~)^2^).[@ref27] We also fitted a multivariable meta-regression model to assess whether city characteristics would modify the risk of hospital admission for cardiovascular disease in relation to short term elevations in PM~2.5~ concentrations.[@ref19] [@ref20] These city characteristics included city specific annual average and standard deviation values of daily PM~2.5~ concentrations during the study period, city specific annual average number of days with daily PM~2.5~ concentration exceeding different thresholds (35 and 75 μg/m^3^), annual average of daily mean temperature and relative humidity, gross domestic product per capita, average age of people enrolled in UEBMI, smoking rate, and the coverage rate of the population by UEBMI. Data on smoking rates were extracted from the National Health Services Survey by province.[@ref28]

Furthermore, to evaluate the association between varying daily levels of PM~2.5~ and hospital admission for cardiovascular disease, daily data were categorised into five groups of daily PM~2.5~ concentrations (≤15, 15-25, 25-35, 35-75, and ≥75 μg/m^3^).[@ref8] [@ref29] The World Health Organization's air quality guideline for maximum daily PM~2.5~ concentrations is 25 μg/m^3^, while both the United States and Chinese grade 1 standard for daily PM~2.5~ concentrations is 35 μg/m^3^, and the Chinese grade 2 standard is 75 μg/m^3^.

To gauge the potential public health impact of our effect estimates, we calculated the projected annual reduction in hospital admissions for cardiovascular disease attributable to PM~2.5~ reduction in China. This strategy has been used in previous nationwide studies.[@ref17] [@ref30] The annual reduction in hospital admissions was calculated as (exp(β×Δx)−1)×N, where β is the national average estimate for an increase in PM~2.5~ by 1 μg/m^3^, N is the number of admissions for cardiovascular disease in 2017 (obtained from the China Health and Family Planning Yearbook), and Δx were the differences between mean of annual average PM~2.5~ concentration across the cities (50 μg/m^3^) and PM~2.5~ regulatory limits (35, 15, and 10 μg/m^3^). For annual mean PM~2.5~ concentrations, the Chinese grade 2 standard is 35 μg/m^3^, Chinese grade 1 standard is 15 μg/m^3^, and WHO air quality guideline is 10 μg/m^3^.

Sensitivity analysis
--------------------

A series of sensitivity analyses assessed the stability of the estimates:

-   Two-pollutant models were fitted with adjustment for SO~2~, NO~2~, CO, and O~3~.

-   Owing to the difference in study periods between cities, we evaluated the associations in cities with only three year data (78 cities) or four year data (106 cities).

-   We checked whether the estimates were robust to the changes in the degrees of freedom for calendar time (6-10 per year), temperature (2-6), and humidity (2-6), respectively.

-   Cities with fewer than three monitoring stations were excluded.

-   To explore the potential influence of measurement errors, different exposure metrics were used to assess the associations (that is, daily maximum, daily minimum, city wide median, city wide 75% percentile or 25% percentile).

-   Penalised spline functions were applied for time and meteorological variables.

-   Poisson modelling was used instead of quasi-Poisson regression in the first stage to obtain city specific estimates.

We conducted statistical analyses in R version 3.2.2 (R Foundation for Statistical Computing, Vienna, Austria), and Stata version 13 (StataCorp, College Station, TX). The results are reported as percentage changes and 95% confidence intervals in daily hospital admissions associated with an incremental increase in PM~2.5~ concentrations of 10 μg/m^3^. Percentage change equals relative risk minus 1 and then multiplied by 100.

Patient and public involvement
------------------------------

As the outcome in the analysis was the city specific daily count of the health event, no members of the public were directly involved in the study design, outcome measures, analysis of data, or interpretation of study results. The results of this study will be reported via the media centre of the authors' institutions ([www.bjmu.edu.cn](http://www.bjmu.edu.cn)) after the publication where the official news will be written under authors' supervision to avoid over-interpretation. Other dissemination includes scientific meetings and mass media (WeChat). No plans exist to involve members of the public in dissemination.

Results
=======

[Table 1](#tbl1){ref-type="table"} presents the demographic characteristics of people enrolled in the UEBMI programme in the 184 Chinese cities in 2017. Overall, the study population included 54.4% male individuals and 4.9% individuals aged 75 or more. A total of 8 834 533 hospital admissions for cardiovascular disease were identified in 184 cities (94 southern cities and 90 northern cities). The summary statistics on daily hospital admission of all cardiovascular diseases as well as cause specific major cardiovascular diseases, PM~2.5~ levels, and weather conditions are shown in [table 2](#tbl2){ref-type="table"}. Over the study period, a mean of 47 hospital admissions per day (standard deviation 74) occurred for cardiovascular disease, 26 (53) for ischaemic heart disease, one (five) for heart failure, two (four) for heart rhythm disturbances, 14 (28) for ischaemic stroke, and two (four) for haemorrhagic stroke. For annual average PM~2.5~ concentrations, the mean value across all cities was 50 μg/m^3^ and the standard deviation value across all cities was 34 μg/m^3^. City specific characteristics (that is, annual average or standard deviation values of PM~2.5~ concentrations, annual average temperature and relative humidity, gross domestic product per capita, average age of people enrolled in UEBMI, smoking rate, and the rate of missing PM~2.5~ data) in 184 Chinese cities are presented in supplementary table S2. At the national level, daily PM~2.5~ concentrations were positively correlated with levels of SO~2~, NO~2~, and CO (r=0.56-0.64), but were not correlated with O~3~ (r=−0.02; supplementary table S3).

###### 

Demographic characteristics of individuals enrolled in the UEBMI programme in 184 Chinese cities in 2017, by geographical region

  Variable   No (%) of enrolled individuals                       
  ---------- -------------------------------- ------------------- --------------------
  Total      197 230 556                      69 967 333          127 263 223
  Sex                                                             
   Male      107 209 773 (54.4)               38 609 360 (55.2)   68 600 413 (53.9)
   Female    72 507 689 (36.8)                31 357 973 (44.8)   58 662 810 (46.1)
  Age                                                             
   18-64     172 616 807 (87.5)               59 580 421 (85.2)   113 036 386 (88.8)
   65-74     14 553 516 (7.4)                 6 177 314 (8.8)     8 376 202 (6.6)
   ≥75       9 645 159 (4.9)                  4 196 266 (6.0)     5 448 893 (4.3)

UEBMI=urban employee basic medical insurance.

Southern and northern regions separated by the Huai River-Qinling Mountains line.

###### 

Summary statistics on daily hospital admissions for all cardiovascular diseases, cause specific major cardiovascular diseases, PM~2.5~ levels, and weather conditions in 184 Chinese cities, 2014-17, by geographical region

  Variable                                                    Nationwide   North\*   South\*
  ----------------------------------------------------------- ------------ --------- ---------
  No of cities                                                184          90        94
  Annual average PM~2.5~ (μg/m^3^, mean (SD))                 50 (19)      55 (23)   46 (13)
  Annual standard deviation of PM~2.5~ (μg/m^3^, mean (SD))   34 (15)      39 (17)   29 (9)
  Annual average temperature (°C, mean (SD))                  14 (5)       10 (4)    18 (3)
  Annual average relative humidity (%, mean (SD))             68 (12)      57 (8)    77 (5)
  Daily hospital admissions (mean (SD))                                              
   All cardiovascular diseases                                47 (74)      51 (87)   33 (56)
   Ischaemic heart disease                                    26 (53)      33 (66)   20 (35)
   Heart failure                                              1 (5)        1 (7)     1 (1)
   Heart rhythm disturbances                                  2 (4)        2 (6)     1 (1)
   Ischaemic stroke                                           14 (28)      17 (29)   12 (26)
   Haemorrhagic stroke                                        2 (4)        2 (3)     2 (5)

PM~2.5~=particulate matter with aerodynamic diameter ≤2.5 μm; SD=standard deviation.

Southern and northern regions separated by the Huai River-Qinling Mountains line.

[Figure 1](#f1){ref-type="fig"} shows the national average estimates of the associations between PM~2.5~ and hospital admissions for all cardiovascular diseases as well as cause specific major cardiovascular diseases on different lag days. We observed similar lag patterns for the effects of all health outcomes except for haemorrhagic stroke. Briefly, for the single-day lag patterns, lag day 0 generated the highest estimates for all outcomes. For a 10 μg/m^3^ increase in PM~2.5~ concentrations, we observed significant increments of the hospital admission on the same day as 0.26% (95% confidence interval 0.17% to 0.35%) for cardiovascular disease, 0.31% (0.22% to 0.40%) for ischaemic heart disease, 0.27% (0.04% to 0.51%) for heart failure, 0.29% (0.12% to 0.46%) for heart rhythm disturbances, and 0.29% (0.18% to 0.40%) for ischaemic stroke, but not for haemorrhagic stroke (−0.02% (−0.23% to 0.19%); [fig 1](#f1){ref-type="fig"} and supplementary table S4). Percentage change of the hospital admission per 10 μg/m^3^ increase in lag 02 PM~2.5~ concentrations were broadly similar to the effect size estimated in the lag 0 model for all outcomes. The associations between PM~2.5~ and same day hospital admission for cardiovascular disease (lag day 0) were weakened but remained significant after we adjusted for SO~2~ (0.13% change; 0.03% to 0.22%), NO~2~ (0.11% change; 0.04% to 0.18%), CO (0.19% change; 0.10% to 0.29%), and O~3~ (0.24% change; 0.15% to 0.33%; [table 3](#tbl3){ref-type="table"}). To further reveal the confounding effects by other air pollutants, we conducted a subgroup analysis based on the annual average levels of copollutants divided into thirds. Consistent associations were observed across subgroups (supplementary table S5). We have also examined the associations between gaseous pollutants and admissions for cardiovascular disease using single-pollutant models. The results from single-pollutant models on each of the copollutants are presented in supplementary table S6. All the gaseous pollutants were associated with admissions for cardiovascular disease.

![National average percentage change (%) in daily hospital admissions for cause specific cardiovascular diseases per 10 μg/m^3^ increase in PM~2.5~ concentrations on different lag days in 184 Chinese cities, 2014-17. PM~2.5~=particulate matter with aerodynamic diameter ≤2.5 μm; lag 01=average PM~2.5~ concentrations over two days (that is, the same day and previous day of admission); lag 02=average PM~2.5~ concentrations over three days (that is, the same day and previous two days of admission)](tiay052134.f1){#f1}

###### 

Percentage change of daily hospital admissions for cardiovascular disease associated with 10 μg/m^3^ increase in concurrent day (lag 0) concentrations of PM~2.5~, in two-pollutant models in 184 Chinese cities, 2014-17

  Variables      Percentage change (%; 95% CI)\*   P value
  -------------- --------------------------------- ---------
  Adjust SO~2~   0.13 (0.03 to 0.22)               0.009
  Adjust NO~2~   0.11 (0.04 to 0.18)               0.004
  Adjust CO      0.19 (0.10 to 0.29)               \<0.001
  Adjust O~3~    0.24 (0.15 to 0.33)               \<0.001

PM~2.5~=particulate matter with aerodynamic diameter ≤2.5 μm.

Adjusted for temperature, relative humidity, calendar time, day of week, and public holiday.

[Figure 2](#f2){ref-type="fig"} shows the estimated exposure-response curve for the association between PM~2.5~ levels and hospital admission for all cardiovascular diseases. The curve increased steeply when PM~2.5~ levels were below 50 μg/m^3^, increased moderately at 50-250 μg/m^3^, and plateaued at concentrations above 250 μg/m^3^. The exposure-response curves for the associations between PM~2.5~ and admission for cause specific cardiovascular outcomes are shown in supplementary figure S2. To accommodate the non-linearity of the association, [table 4](#tbl4){ref-type="table"} shows the percentage changes in daily admission for cardiovascular disease according to categories of daily PM~2.5~ levels. Compared with days when PM~2.5~ concentrations were 15 μg/m^3^ or less, higher PM~2.5~ concentrations were associated with a significant increase in cardiovascular admissions, ranging from 1.1% (0% to 2.2%) to 3.8% (2.1% to 5.5%). Corresponding results for cause specific cardiovascular diseases are presented in supplementary table S7.

![National average exposure-response association curve between concurrent day PM~2.5~ concentrations (lag 0) and percentage change (%) in daily hospital admissions for cardiovascular disease in 184 Chinese cities, 2014-17. PM~2.5~=particulate matter with aerodynamic diameter ≤2.5 μm; solid line=percentage change; dashed lines=95% confidence intervals](tiay052134.f2){#f2}

###### 

Percentage change in daily hospital admissions for cardiovascular disease for categories of concurrent day PM~2.5~ concentrations (lag 0) in 184 Chinese cities, 2014-17

  PM~2.5~ (μg/m^3^)   Percentage change (%; 95% CI)\*   P value
  ------------------- --------------------------------- ---------
  ≤15                 Reference                         
  15-25               1.1 (0 to 2.2)                    0.04
  25-35               1.9 (0.6 to 3.2)                  0.004
  35-75               2.6 (1.3 to 3.9)                  \<0.001
  ≥75                 3.8 (2.1 to 5.5)                  \<0.001

PM~2.5~=particulate matter with aerodynamic diameter ≤2.5 μm.

Adjusted for temperature, relative humidity, calendar time, day of week, and public holiday.

[Figure 3](#f3){ref-type="fig"} shows the associations between PM~2.5~ levels (lag day 0) and hospital admission for all cardiovascular diseases and cause specific cardiovascular diseases stratified by sex, age, and region. The association by age group varied for different outcomes. The estimates were consistently higher in individuals aged 75 or older than in those aged 18-64 for all cardiovascular diseases, ischaemic heart disease, and ischaemic stroke, except for heart failure, heart rhythm disturbances, and haemorrhagic stroke. The differences in the estimates between men and women were not significant (all P\>0.05). The effect estimates of hospital admission for all causes analysed were generally higher in the southern region than in the northern region, although the differences were not always significant (P\>0.05 for heart failure and haemorrhagic stroke). We further divided the 184 cities into six regions based on geographical location (east, middle south, southwest, northwest, north, and northeast). The estimates were greater in the middle south, east, and north (supplementary table S8).

![National average percentage change in daily hospital admissions for cause specific cardiovascular diseases per 10 μg/m^3^ increase in concurrent day concentrations of PM~2.5~ (lag 0) stratified by sex, age, and geographical region. Numbers of total study population and each health outcome are presented in tables 1 and 2. PM~2.5~=particulate matter with aerodynamic diameter ≤2.5 μm](tiay052134.f3){#f3}

Supplementary table S9 presents the projected annual reduction in hospital admissions for cardiovascular disease attributable to PM~2.5~ reduction in China. Assuming causality, which should be done with caution, achieving the Chinese grade 2 (35 μg/m^3^), Chinese grade 1 (15 μg/m^3^), and WHO (10 μg/m^3^) limits would reduce the annual number of admissions for cardiovascular disease in China by an estimated 36 448 (95% confidence interval 24 441 to 48 471), 85 270 (57 129 to 113 494), and 97 516 (65 320 to 129 820), respectively. This reduction in admissions would correspond to saving medical expenses of ¥418.42m (£46.06m, €54.03m, \$59.47m; 280.58 to 556.45), 978.90m (655.84 to 1302.91), and 1119.48m (749.87 to 1490.33) annually.

[Table 5](#tbl5){ref-type="table"} presents the meta-regression results of effect modification on the association between concurrent day PM~2.5~ levels (lag 0) and hospital admission for cardiovascular disease by city level characteristics. The associations were stronger in cities with higher annual average temperatures (P=0.006) and relative humidity (P=0.006). The average age of people enrolled in UEBMI (P=0.44), smoking rate (P=0.27), gross domestic product per capita (P=0.87), annual average number of days with PM~2.5~ more than 35 μg/m^3^ (P=0.71) or more than 75 μg/m^3^ (P=0.56), and coverage rate by UEBMI (P=0.10) in cities did not modify the acute effect of PM~2.5~ on hospital admission for cardiovascular disease. Regarding the cities' background levels of PM~2.5~, we observed that although both point estimations were less than 0 (mean −0.057% and standard deviation −0.151%), none was statistically significant (P=0.06 and 0.10, respectively; [table 5](#tbl5){ref-type="table"}). Consequently, despite a possible tendency towards attenuation, we did not find strong evidence that long term background levels of PM~2.5~ (mean or standard deviation) in cities modified the acute effects of short term exposure to PM~2.5~ on cardiovascular disease.

###### 

Multivariable meta-regression results of the modification effects of city level characteristics on the associations between concurrent day PM~2.5~ levels (lag 0) and daily hospital admissions for cardiovascular disease in 184 cities in China, 2014-17

  Variables                                                            Percentage change (%; 95% CI)   P value
  -------------------------------------------------------------------- ------------------------------- ---------
  Annual average PM~2.5~ levels (10 μg/m^3^)                           −0.057 (−0.116 to 0.003)        0.06
  Annual standard deviation of PM~2.5~ concentrations (10 μg/m^3^)\*   −0.151 (−0.330 to 0.027)        0.10
  Annual average temperature (°C)                                      0.038 (0.011 to 0.065)          0.006
  Annual average relative humidity (%)†                                0.013 (0.004 to 0.022)          0.006
  GDP per capita (¥10 000)                                             0.005 (−0.052 to 0.062)         0.87
  Average age (year)                                                   0.012 (−0.019 to 0.044)         0.44
  Smoking rate (%)                                                     −0.023 (−0.066 to 0.019)        0.27
  Coverage rate by UEBMI (%)                                           −0.007 (−0.015 to 0.001)        0.10
  Annual average number of days with PM~2.5~ \>35 μg/m^3^‡             ―                               0.71
  Annual average number of days with PM~2.5~ \>75 μg/m^3^‡             ―                               0.56

10 000 (£1169; \$1456; €1377). PM~2.5~=particulate matter with aerodynamic diameter ≤2.5 μm; GDP=gross domestic product; UEBMI=urban employee basic medical insurance. The primary meta-regression model was multivariable including annual average PM~2.5~ levels, temperature, GDP per capita, average age of people enrolled in UEBMI, smoking rate, and population coverage rate by UEBMI.

Percentage change of the annual standard deviation of PM~2.5~ concentrations was adjusted for all the variables in the primary meta-regression model.

Percentage change of the relative humidity was adjusted for all the variables in the primary meta-regression model except for temperature, owing to the collinearity between the two variables.

Annual average number of days with PM~2.5~ greater than 35 μg/m^3^ and 75 μg/m^3^ was adjusted separately for all the variables in the primary meta-regression model, owing to the collinearity between the two variables. Percentage changes and their 95% confidence intervals for the two variables were not presented because the coefficients were too small.

Supplementary Table S10 presents the results of the sensitivity analyses. The association between PM~2.5~ levels and hospital admissions for cardiovascular disease did not change with different degrees of freedom for time (6-10 per year), temperature (2-6), and humidity (2-6). The associations were consistently observed for both cities with only three year data and cities with four year data. The effect estimate remained stable when we used penalised spline functions in the model (0.26% change, 95% confidence interval 0.18% to 0.35%) or used the Poisson model in the first stage instead (0.25% change, 0.17% to 0.34%). The estimate was relatively unchanged after excluding cities with up to two monitors (0.27% change, 0.18% to 0.36%). We saw significant associations between hospital admissions for cardiovascular disease and all the different metrics used for PM~2.5~ exposure (that is, daily maximum, daily minimum, city wide median, city wide 75% percentile, or city wide 25% percentile).

Discussion
==========

Principal findings and interpretations
--------------------------------------

To our knowledge, this study is the first nationwide investigation in China of the association between PM~2.5~ levels and hospital admissions for cardiovascular morbidity. Overall, we found that short term exposure to PM~2.5~ was associated with increased hospital admissions for cardiovascular disease, independent of other air pollutants. The associations varied in cities with different annual average temperatures or relative humidity. Moreover, we observed similar effects for all cause specific morbidity related to cardiovascular diseases but not for haemorrhagic stroke.

The association between PM~2.5~ and cardiovascular morbidity has been documented in developed countries. For example, a study of 204 urban counties in the US reported a significant correlation between PM~2.5~ and hospital admissions for cerebrovascular disease, ischaemic heart disease, heart failure, and heart rhythm disturbances in Medicare enrollees (aged \>65).[@ref17] Similarly, another study of Medicare data with a longer study period reported a 0.80% (95% confidence interval 0.59% to 1.01%) increase in hospital admissions for cardiovascular disease associated with a 10 μg/m^3^ increase in concurrent day PM~2.5~ concentrations.[@ref31] An analysis of data from five central and eastern European cities indicated that a 10 μg/m^3^ increase in PM~2.5~ concentrations was associated with a 1.8% (0.1% to 3.4%) increase in cardiovascular admissions.[@ref22] In a meta-analysis of time series studies primarily conducted in western developed countries, a 10 μg/m^3^ increase in PM~2.5~ concentrations corresponded to a 0.90% (0.26% to 1.53%) increase in cardiovascular admissions.[@ref32]

We estimated a 0.26% increase in hospital admissions for cardiovascular disease associated with a 10 μg/m^3^ increment of PM~2.5~ concentrations. The magnitude of our effect estimate was generally lower than previous estimates from multicity or meta-analyses done in developed countries.[@ref17] [@ref22] [@ref31] [@ref32] This difference could have several possible explanations. Firstly, the levels of PM~2.5~ were much higher in China (50 μg/m^3^ in this study) than in Europe and the US (about 15 μg/m^3^). In this study, we noted a plateau in the exposure-response curve at high PM~2.5~ levels, in line with a recent analysis of global PM~2.5~ mortality.[@ref4] This saturation effect might be due to people vulnerable to PM~2.5~ who might have developed symptoms and sought treatment before PM~2.5~ concentrations reached a fairly high level.[@ref19] Secondly, the lower estimate in our study might be partly attributable to the difference in the chemical profile of pollution. Previous studies have shown that chemical components of PM~2.5~ exerted varied impacts on hospital admissions.[@ref33] [@ref34] PM~2.5~ in China's air has a larger proportion of crustal constituents,[@ref35] resulting in lower toxicity.[@ref36] Finally, the variations in socioeconomic status, meteorological factors, geographical conditions, and population susceptibility might also partly explain the lower estimate in our study.

In China, epidemiological studies have linked PM~2.5~ exposure to increased risk of cardiovascular disease,[@ref12] [@ref13] but most of these studies were based on mortality data. A meta-analysis of health effects of particulate matter pollution in China showed the insufficiency of evidence of hospital admission, indicating that more studies should be conducted on the association between particulate matter and morbidity risk.[@ref13] Hospital admission, an important morbidity measure, not only confers a greater statistical power to characterise the association with air pollution but also serves as a proxy for measuring the impact of air pollution in a broader segment of the population. It represents an excellent means to capture cardiovascular events because people generally go to hospital promptly when they develop cardiovascular symptoms. By contrast, death could occur long after symptom onset. Therefore, hospital admission data are expected to be more sensitive to evaluate the temporal sequence between exposure to air pollution and clinical presentation of disease.[@ref7] [@ref8]

We estimated a 0.26% increase in hospital admissions for cardiovascular disease per 10 μg/m^3^ increment of PM~2.5~. China has a large population of about 1.4 billion. The air pollution in China is serious and the overwhelming majority of the population is exposed to PM~2.5~. The annual average PM~2.5~ concentration across the cities during the study period was 50 µg/m^3^. Achieving the WHO PM~2.5~ guideline would reduce nearly 100 000 hospital admissions for cardiovascular disease and save the medical cost of over ¥1bn annually, indicating that air quality improvements in China could yield remarkable public health benefits (supplementary table S9).

We found a slightly non-linear curve for the association between PM~2.5~ levels and hospital admission for cardiovascular disease, which was rarely reported in previous studies. The curve increased sharply at low PM~2.5~ concentrations without a discernible threshold below which no significant associations were observed. This finding is complemented by the significant associations observed at PM~2.5~ levels below the current regulatory limits (eg, the WHO air quality guideline for daily PM~2.5~ concentrations of 25 μg/m^3^). Our findings are supported by those of previous studies also reporting the health effects of PM~2.5~ at levels below current regulatory limits of various countries and WHO.[@ref24] [@ref37] [@ref38] However, we saw an apparent plateauing trend at high concentrations.[@ref39] The exposure-response curve was steeper at lower PM~2.5~ concentrations, suggesting that a unit reduction of PM~2.5~ at relatively lower levels might generate more health benefits. Our findings can provide evidence based information for further control of air pollution in China.

We observed immediate (concurrent) associations between short term PM~2.5~ exposure and almost all cardiovascular outcomes (supplementary table S4) except for the haemorrhagic stroke, which were in line with previous literatures.[@ref17] [@ref19] [@ref24] The highest estimates for single-day lags were observed for the concurrent day, indicating that an even shorter duration of PM~2.5~ exposure (even less than one day) could increase the risk of hospital admissions for major cardiovascular diseases. Several previous studies have even reported associations between exposure to air pollution for several hours and hospital admissions for cardiovascular disease.[@ref29] [@ref40] [@ref41] Although haemorrhagic and ischaemic stroke share similar risk factors and have a similar clinical presentation, they are different clinical entities.[@ref42] Research has shown that exposure to ambient pollution of particular matter could adversely affect vascular endothelial function, the activity of the sympathetic nervous system, and systemic inflammation, leading to vasoconstriction, increased plasma viscosity, and a risk of blood clotting and thrombosis.[@ref43] [@ref44] These pathophysiological changes are more closely related to the development and progression of ischaemic stroke than haemorrhagic stroke. Most studies from developed countries have examined the associations between air pollution and ischaemic and haemorrhagic stroke separately.[@ref29] [@ref45] [@ref46] [@ref47] Consistent with previous publications, we observed that PM~2.5~ was associated with ischaemic stroke but not with intracranial haemorrhage.[@ref48] [@ref49] [@ref50]

We saw significant heterogeneity on the associations between PM~2.5~ and cardiovascular disease across different geographical regions, which was consistent with a multicity study on PM~2.5~ mortality.[@ref19] The underlying reasons for the spatial heterogeneity were difficult to determine but were still somewhat plausible in terms of the toxicity or hazards of various particle constituents and sources, long term PM~2.5~ levels, and weather conditions. Investigations of the effect modification by city characteristics could provide further insights into the association between air pollution and cardiovascular disease. In this study, the associations were stronger in cities with a higher annual average temperature and relative humidity. Similarly, a recent study in China reported a greater acute effect of PM~2.5~ concentrations on mortality risk in cities with a higher annual average temperature.[@ref19] Epidemiological studies have indicated associations between ambient temperature and mortality or morbidity from cardiovascular disease.[@ref51] [@ref52] PM~2.5~ and high temperatures could synergistically affect cardiovascular disease. Ambient temperature also has a role in the emission, transportation, dilution, chemical transformation, and deposition of air pollutants,[@ref53] and could affect exposure patterns as well. In addition, individuals in warmer areas generally spend more time outdoors, and consequently, studies in these areas have smaller errors in exposure measurement.

Strengths and limitations
-------------------------

This study had a very large sample, and we analysed the national data under a uniform framework, providing a unique opportunity to assess the association with different subtypes of cardiovascular disease and minimising the impact of selection and publication bias. Moreover, the large range of air pollution levels in China allowed us to investigate the acute effect of PM~2.5~ with cardiovascular disease beyond the levels of pollution experienced by developed countries. From the perspective of wide coverage of pollution level, our study can therefore provide more representative estimates of the relations between short term exposure to PM~2.5~ and cause specific cardiovascular disease.

Our study had several limitations. Firstly, as in other time series studies, exposure measurement error was possible because we used averaged values across the monitoring stations as a proxy for individual exposure. Data on residents' address were considered as personal private information and not available in our analysis. Ground level monitoring station in a large geographical area might not reflect the individual level exposure of air pollutants. However, such non-differential error generally biases the effect estimates downward.[@ref54] Moreover, we conducted the sensitivity analysis excluding cities with up to two monitoring stations. To further explore the effect of measurement error, we used city wide lowest, city wide highest, 25th percentile, median, and 75th percentile values of PM~2.5~ levels, as the exposure metrics. Consistent associations between PM~2.5~ and hospital admissions for cardiovascular disease were observed. Secondly, we noted that only urban employed and retired individuals were included in this analysis, the associations in urban residents without any formal employment or rural residents were unclear. Because of the differences in sociodemographic characteristics and air pollution levels between rural and urban areas, the generalisability of our findings should be interpreted with caution.

Thirdly, as in other environmental health studies using large administrative health databases,[@ref19] [@ref20] [@ref24] data on several patient level variables were not available in this study, such as comorbidities and cigarette smoking, which limited the ability for us to adjust for confounding risk factors at the individual level and explore potential susceptible population. However, the time series analysis had a self control design, to control the confounding by slowly varying risk factors at the individual level. This design compared participants with themselves at different levels of air pollutants. Fourthly, misclassification bias caused by diagnostic error should be considered when interpreting the findings. However, this error is unlikely related to air pollutant levels and typically reduce the precision of the estimates and bias the risk estimates downward.[@ref55] Fifthly, level of circulating viral infections such as influenza and respiratory syncytial virus was not considered in the model, due to the lack of relevant data. Finally, no attempts have been made to analyse the components of the particulates, which might have had a different impact on regional biological effects, because nationwide data on components of PM~2.5~ were not available in this study.

Conclusions
-----------

This national time series study in China found possible associations between transient elevation in PM~2.5~ concentrations and hospital admissions for cardiovascular diseases, even at levels below the current regulatory limits. A plateau was observed in the exposure-response association at PM~2.5~ concentrations above 250 μg/m^3^. Short term exposure to fine particulate matter was associated with increased hospital admissions for all major cardiovascular diseases except for haemorrhagic stroke.

### What is already known on this topic

1.  Epidemiological studies have reported a positive association between fine particulate air pollution and cardiovascular morbidity, although most of these studies were conducted in developed countries

2.  The association between fine particulate air pollution and cardiovascular morbidity remains unclear in developing countries, where air pollution levels, compositions, and sources are substantially different

### What this study adds

1.  Short term exposure to fine particulate air pollution (particles of aerodynamic diameter ≤2.5 μm), even at levels below the current regulatory limits, could be associated with increased hospital admissions for cardiovascular disease, with a plateau observed in the exposure-response curve at fine particulate concentrations above 250 μg/m^3^

2.  In China, short term exposure to fine particulate matter was associated with increased hospital admissions for all major cardiovascular diseases except for haemorrhagic stroke in 2014-17

3.  These data could help inform policy makers regarding ambient air quality standards and management of public health disease
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